The effects of halothane on preganglionic cervical sympathetic activity and arterial pressure have been measured in intact and spinal cats, one dog and one baboon. The typical response was an early increase in sympathetic discharge as arterial pressure began to fall. Thereafter, although sympathetic activity declined progressively, at the time it regained the control level arterial pressure was already substantially reduced. At mean arterial pressures of 30-40 mm Hg pronounced increases in sympathetic activity occurred with little change in arterial pressure. Substitution of 70 per cent nitrous oxide for nitrogen during halothane administration usually increased the discharge rate. When halothane was discontinued, recovery of sympathetic discharge was slower than that of arterial pressure. In spinal cats, halothane significantly depressed preganglionic activity.
Shortly after the introduction of halothane, its circulatory effects were said to be partly accounted for by depression of central sympathetic discharge (Burn et al., 1957) . Although evidence for this was quite indirect, it became rapidly accepted as a cause for the hypotension produced under clinical conditions and is incorporated in textbook teaching. Attempts to obtain experimental proof of central sympathetic depression by halothane have produced variable results often subject to more than one interpretation. Plasma catecholamine levels, for example, did not appear to increase during halothane anaesthesia in man (Price et al., 1959) or the dog (Millar and Morris, 1960) , but there was disagreement whether the sympathetic response to hypercarbia was maintained (Millar and Morris, 1960) or depressed (Price et al., 1960) . Evidence of central sympathetic depression was obtained by perfusion of the isolated dog head (Price, Linde and Morse, 1963) and by direct intramedullary injection of halothane (Price, Price and Morse, 1965) .
Whether the implication of sympathetic depression by halothane was considered of direct importance or as a permissive effect which allowed actions on cardiovascular effectors to go unopposed, it received no support when sympathetic nervous discharge was measured in the rabbit. In this species, arterial hypotension occurred in the presence of increased preganglionic and postganglionic sympathetic activity Biscoe, 1965, 1966) . In attempting to explain all these experimental differences it has been argued that species variations may exist, or that an increased sympathetic discharge during halothane anaesthesia occurs at low arterial pressures because of (non-specific) local asphyxia of the spinal cord or medulla (Price, 1967) .
We have therefore examined the question again, and present here further data correlating preganglionic sympathetic discharge and arterial pressure during halothane anaesthesia in the cat, and in one dog and one baboon.
METHODS
Experiments are reported from nine intact cats, five spinal cats, one dog and one baboon. The animals were anaesthetized initially with 4 per cent halothane in oxygen, delivered into a plastic bag enclosing a small animal cage. Inhalation anaesthesia was continued during insertion of cannulae into the trachea, a femoral artery and a femoral vein. Chloralose 40 mg/kg was then injected intravenously, halothane administration being stopped and 100 per cent oxygen continued.
The left preganglionic cervical sympathetic nerve was approached by reflecting the larynx and pharynx in the midline. The cervical sympathetic nerve was cut close to the superior cervical ganglion, dissected free of surrounding tissue, and placed on a metal backplate immersed in mineral oil. It was dissected to obtain multifibre strands which showed a satisfactory signalto-noise ratio as illustrated in previous papers (Millar and Biscoe, 1965; Price et al., 1969) . Recordings were made with bipolar platinum wire electrodes connected to a Grass pre-amplifier; a ground wire connected the metal backplate to the pre-amplifier, whose output went to a Grass audio-amplifier and to one channel of a Tektronix 565 oscilloscope, from which the sympathetic action potentials could be photographed by means of a Grass camera and Reflexor attachment. Time marks from a battery-operated neon timing circuit were displayed on the oscilloscope trace.
The signal from one vertical oscilloscope amplifier was fed to a pulse height selector (see Biscoe and Millar, 1964) . This comprised both discriminator and pulse-shaping circuits, by means of which nerve action potentials between selected upper and lower voltage limits were converted into square pulses, which were then counted on a Nuclear-Chicago ratemeter. Three counting ranges on the ratemeter were used: 0-30, 0-100, 0-300 impulses/sec; these were frequently calibrated with a Hewlett-Packard signal generator and electronic counter; the ratemeter time-constants could be varied widely. The ratemeter output was delivered to a Grass amplifier and multichannel recorder.
The output of the pulse height selector was monitored continuously to ensure that a change in the signal-to-noise ratio did not affect the number of action potentials counted during an experimental sequence; this was done by using the pulse height selector output to trigger a Venner Electronics reset unit (TS32), which caused the resetting to zero of a time scale which was displayed on the oscilloscope (Millar and Biscoe, 1965) . Audio-monitoring of the sympathetic discharge was used continuously throughout every experiment.
In five cats, the cervical spinal cord was exposed by laminectomy, and a loose silk ligature was passed subdurally around the cord at level C-2. Following this, dissection of the sympathetic nerve was begun, a normal excitatory sympathetic response to cyclopropane being demonstrated in each animal (Price et al., 1969) before the cord was severed by drawing the ligature tight.
Systolic, diastolic, and mean arterial pressures were displayed on a Grass recorder, using a Statham P-23d transducer. End-tidal carbon dioxide concentration was monitored continuously by means of a Beckman physiological gas analyzer model 160, or a Godart "Capnograph".
Prior to the start of nerve dissections and recording, mechanical ventilation was started using a Bird Mark 4 assister and Mark 7 ventilator; gallamine triethiodide 20 mg was given intravenously every 30 minutes throughout each experiment. Two ml samples of arterial blood were withdrawn at hourly intervals for measurement of pH, Pco 2 , Po 2 , and base deficit with an Instrumentation Laboratories assembly. Metabolic acidosis was invariably present at the start of each experiment; appropriate injections of sodium bicarbonate were given then, and subsequently, on the basis of (base deficit x body weight (kg) x0.3) milliequivalents.
End-tidal carbon dioxide concentration was maintained in the range 4.0-5.0 per cent. The measurements reported were obtained at arterial Pa C02 below 45 mm Hg and at arterial Po 2 above 70 mm Hg. Mean Pa 0O2 values were 35.9 + 4.4 (SD) mm Hg.
The rectal temperature of the animal was maintained at 37 °C with the aid of a waterwarmed rubber "K-pad" (Gorman-Rupp) and a Yellow Springs thermistor.
Intravenous injections of adrenaline chloride, 1-4 j_ig, were given early in each experiment to test the sympathetic response to raised arterial pressure. Only fibres showing clearcut inhibition of the discharge were studied (Millar and Biscoe, 1965; Price et al., 1969) . In some animals, a solution of noradrenaline (5 /<g/ml) was given intravenously by means of a constantrate infusion pump in order to raise arterial pressure during the administration of halothane.
Halothane in oxygen was administered by a non-rebreathing technique, using a calibrated Fluotec vaporizer. In four cats, 70 per cent nitrogen/oxygen was administered with halothane, and after reaching a steady state 70 per cent nitrous oxide was substituted for nitrogen; this was repeated on a second occasion during the same administration of halothane in these animals.
RESULTS

Intact animals.
In all twelve administrations of 2-4 per cent halothane in eight of the nine cats studied, there was a transient early increase in preganglionic discharge, which occurred within 1-4 minutes. Table I , which also includes the data from one dog and one baboon, shows the maximum increase in sympathetic activity and the associated fall in arterial pressure which were the typical early responses to halothane; only a single (the first) administration of halothane in each animal is represented. It is apparent from table I that preganglionic discharge was initially increased by a mean of 15 impulses/sec (SE 4.0; P<0.01), when arterial pressure was already reduced by an average of 41 mm Hg (31 per cent). In the remaining animal studied, in which all but one of the afferent baroreceptor and chemoreceptor nerves had been divided previously, there was no initial rise in sympathetic discharge.
Subsequently, preganglionic activity fell consistently. Table II , which refers to a single administration of halothane in the eleven animals, shows the mean arterial pressures before halothane, and those at which the now declining sympathetic discharge regained the pre-halothane level. At this point, which occurred between 1 and 8 minutes after starting halothane (mean 3.8 min), arterial pressure had already fallen by an average of 56 mm Hg. This represents a decline of 43 per cent from the control mean level of 131 mm Hg. The later effects of halothane, shown in table III, were progressive arterial hypotension and a reduced preganglionic sympathetic discharge. The measurements given in table III were made just prior to discontinuing halothane, except when this coincided with a rise in discharge which accompanied severe hypotension (see below). In four of the cats referred to in table III, the typical reduction in sympathetic activity which halothane evoked was reversed, at a time preceding or following the measurements shown in the table. In each instance, comprising six administrations of halothane in the four animals and shown in table IV, mean arterial pressure at the particular time was 40 mm Hg or below. While it is seen from table III that sympathetic activity was not always increased at these low pressures, in general the threshold at which the discharge increased in response to arterial hypotension was in the range 30-40 mm Hg. Such increases could be reversed by a small rise in arterial pressure brought about by discontinuing halothane or re- Animal 8 was given halothane on two occasions; in animal 9, hypotension was allowed to occur twice during a single administration.
ducing its concentration, or by infusing noradrenaline intravenously. An example of the latter effect was apparent in the dog given 3 per cent halothane; after 13 minutes (as shown in table III) the preganglionic discharge was at the control level although mean pressure had been reduced from 140 to 40 mm Hg. Raising arterial pressure to 98 mm Hg by infusing noradrenaline then caused a marked fall in sympathetic activity. Similar effects were induced by brief periods of asphyxia in one cat. When 2 per cent halothane in 70 per cent nitrogen/oxygen had been given for about 12 minutes mechanical ventilation was stopped; after 1 minute of apnoea sympathetic activity had increased, from 7 impulses/sec to a new level of 27 impulses/sec, then, after a delay of about 30 seconds, arterial pressure rose from 70 mm Hg to reach a peak of 110 mm Hg. Mechanical ventilation was then resumed and after a further 44 minutes of halothane administration ventilation was stopped as before. Sympathetic discharge again increased from 3 impulses/sec to 32 impulses/sec and after a 30-second delay arterial pressure rose from 57 mm Hg to 85 mm Hg. These were the sole occasions in the present experiments wherein increased sympathetic activity coincided with a marked increase in arterial pressure.
The characteristic response to halothane in the cat, at pressure levels above 30-40 mm Hg, is illustrated in figure 1 ; here, as described above, there is an initial increase in the sympathetic discharge rate as arterial pressure is falling, followed by persistent sympathetic inhibition. Figures 2  and 3 , on the other hand, show the secondary rises in the discharge rate which occur at pressures below 40 mm Hg, and the reversal of this effect by discontinuing halothane ( fig. 2) or by reducing its concentration ( fig. 3) . The absence of an initial rise in sympathetic discharge at the start of halothane administration in figure 3 might be related to previous division of all but one afferent baroreceptor and chemoreceptor nerves. Since it is unlikely that sympathetic activity has been previously recorded in a primate species, it is of interest to illustrate the effects of halothane in a baboon ( fig. 4) , ventilated with a 2 per cent concentration for 8 minutes. The response was similar to that described for the cat; arterial pressure fell from 93 mm Hg to about 50 mm Hg before sympathetic activity decreased below the control level.
In one cat, in which 70 per cent nitrous oxide/ oxygen was the background anaesthetic instead of chloralose, the introduction of halothane was followed within 1 minute by a fall in arterial pressure from 151 to 113 mm Hg, preganglionic discharge increasing from 51 to 62 impulses/sec.
Nitrous oxide during halothane administration.
In four cats, on two occasions each, 70 per cent nitrous oxide/oxygen was substituted for 70 per cent nitrogen/oxygen during ventilation with 2 per cent halothane. This was accompanied by an increase in sympathetic activity in three of the four animals. In the other cat sympathetic activity continued to decline during the first exposure to nitrous oxide, and although an increase in the discharge rate was just measurable on the second exposure, the activity fell to zero when halothane was discontinued and did not recover subsequently. Table V shows the maximum levels of sympathetic discharge reached during addition of nitrous oxide to halothane anaesthesia.
It is striking that on the first exposure to nitrous oxide in two animals, when 2 per cent halothane had already been given for 16 and for 20 minutes, sympathetic activity was raised almost to the pre-halothane level; on three occasions, also, sympathetic discharge increased approximately threefold on the addition of nitrous oxide.
In the first experiment of table V, the effects of nitrous oxide on sympathetic activity were still In each of the four experiments a change was made on two occasions (a and b) during a single administration. The duration of halothane administration prior to substitution averaged 24 min (range 12-36). In the first experiment a noradrenaline infusion was given to oppose a possible fall in arterial pressure caused by nitrous oxide. AP=mean arterial pressure (mm Hg); Symp. = preganglionic sympathetic discharge (impulses/ sec); t}, ti and t represent periods of i, i and the equal of the previous administration. evident when a continuous infusion of noradrenaline was given to nullify any depression of arterial pressure caused by nitrous oxide. The use of noradrenaline infusion in this experiment obviously made it impossible to assess the action of nitrous oxide on arterial pressure during halothane administration; in one of the other three experiments arterial pressure was reduced when nitrous oxide was substituted for nitrogen.
Recovery of arterial pressure and sympathetic activity after halothane. Frequently, and especially after the longer exposures to halothane, arterial pressure recovered towards control levels without any increase, and sometimes even with a decrease, in sympathetic discharge. Table VI shows measurements made in five cats in the recovery period following administration of 2-3 per cent halothane for 15-48 minutes; the times relate to one-quarter, onehalf, and the equal of the duration of preceding halothane administration. It is clear that when halothane had been discontinued for a time equal to half the period of its administration, arterial pressure had risen substantially, although sympathetic activity was still markedly depressed. This disproportion still existed when halothane had been discontinued for a period equivalent to the entire duration of its previous administration.
Spinal cats.
In several pilot experiments on spinal animals, it was not fully appreciated that arterial pressure and sympathetic activity were related reciprocally following cervical cord section. Figure 5 . for example, illustrates the depression of preganglionic discharge caused by raising arterial pressure with 2 fi% adrenaline chloride injected intravenously. The figure illustrates two further points: firstly, frequently relatively high arterial pressures were maintained for some time after cord section (in this animal it was still 100 mm Hg after 62 minutes); secondly, "spontaneous" reciprocal waves in arterial pressure and sympathetic activity occurred at levels of pressure which are not ordinarily considered hypotensive (as shown preceding noradrenaline injection in figure 5 ).
Since it appeared to be impossible to study the effect of halothane in spinal animals unless pronounced falls in arterial pressure were avoided, continuous intravenous infusions of noradrenaline were given to counteract the hypotensive action of halothane. Under these conditions, as shown in table VII, halothane considerably reduced sympathetic activity in spinal cats, even though arterial pressure could rarely be maintained as high as the pre-halothane level.
DISCUSSION
The typical response of preganglionic cervical sympathetic discharge and arterial pressure during pulmonary ventilation with relatively high halothane concentrations in the cat anaesthetized with chloralose (also in the dog and baboon) is 
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BRITISH JOURNAL OF ANAESTHESIA as follows: there is an initial transient rise in sympathetic activity as the pressure begins to fall; then, after a variable period, sympathetic activity declines; by the time it has reverted to the control level, however, arterial pressure has already fallen substantially; as halothane uptake continues, arterial pressure falls further and preganglionic activity is also less than control, remaining so provided hypotension to below 30-40 mm Hg does not result. In the presence of severe hypotension caused by halothane, sympathetic activity may increase to well above the control level, this being unassociated with any important rise in arterial pressure.
The above changes occurred when ventilation was with halothane in oxygen or in 70 per cent nitrogen/oxygen mixtures. Recent evidence in man (Smith et al., 1968) has suggested that the addition of nitrous oxide to halothane causes stimulation of the peripheral vascular system "presumably due to norepinephrine release", and it is of interest that in the present experiments an increased preganglionic discharge usually accompanied the substitution of nitrous oxide for nitrogen in inhaled mixtures containing 30 per cent oxygen.
The possibility that general anaesthetics exert autonomic effects at spinal cord level has not been confirmed since the work on ether by Bhatia and Burn (1933) . Our studies have shown that halothane reduces preganglionic discharge in spinal cats in which arterial pressure is artificially maintained with noradrenaline infusions. It seems unlikely that noradrenaline itself could be implicated to an important extent in this action, since under identical conditions preganglionic discharge has been shown to increase, sometimes with cyclopropane (Price et al., 1969) and usually with ether (Millar et al., 1970) . The evidence, therefore, indicates that halothane directly depresses sympathetic neurones at spinal ccrd level.
An incidental finding in these experiments on spinal animals was the extraordinarily sensitive reciprocal interaction between arterial pressure and sympathetic activity; in effect, it would appear impossible to determine autonomic effects of drugs in spinal animals unless arterial pressure is closely regulated. Similar findings were described by Alexander (1946) , although he did not specify the levels of pressure involved; our experiments indicate that this interaction occurs at pressures well above those ordinarily considered to be hypotensive.
It was shown in the rabbit anaesthetized with pentobaritone, at all levels of arterial pressure and in spite of demonstrable ganglionic blockade (Biscoe and Millar, 1966a) , that halothane administration did not reduce, and usually increased, the discharge in both preganglionic (Millar and Biscoe, 1965) and postganglionic (Millar and Biscoe, 1966) sympathetic fibres. In the present studies, however, depression of preganglionic activity has appeared as a normal feature of established halothane anaesthesia in the cat (and in the dog and baboon). Nevertheless, in these species substantial reductions in arterial pressure did occur without parallel changes in sympathetic discharge. Species differences in the sympathetic responses of the cat and rabbit could depend on a direct (i.e. baroreceptorindependent) excitatory effect of reduced arterial pressure or blood flow on "central" (spinal or medullary) neurones. Thus, it was evident in the present studies that any reduction in arterial pressure prompdy increases preganglionic activity in spinal cats, and it could be argued that a similar degree of sensitivity of spinal (or medullary) sympadietic neurones to altered perfusion may exist in intact rabbits.
It is unfortunate, from the analytical aspect, that these species differences in sympathetic responses exist neither early in administration nor at extreme levels of hypotension, but in the phase of moderate reduction in arterial pressure which probably corresponds most closely to clinical conditions. That species differences in the responses to halothane exist seems undoubted, and is of considerable interest.
The exact means by which halothane reduces preganglionic sympathetic activity in the cat cannot be learned from the present experiments. As in the case of odier agents, halothane sensitizes arterial baroreceptor nerve endings (Biscoe and Millar, 1964) , an action which would tend reflexly to inhibit sympathetic discharge and cause arterial hypotension. However, a partial central blockade of the barostatic reflexes by halothane has been shown in the rabbit (Biscoe and Millar, 1966b) and this, of course, would tend to oppose the effects of baroreceptor sensitization (assuming that cats and rabbits respond alike).
Alternatively, a direct depressant action of halothane on sympathetic vasomotor neurones has been shown at the spinal level and a similar action could be exerted at higher levels of central sympathetic representation. However, the present experiments do not exclude the possibility that an increased discharge rate of excitatory cardiovascular neurones in the medulla (or higher) could be opposed by the inhibitory action of halothane at spinal cord level.
Depressant actions of halothane at sympathetic ganglia cannot be disregarded, although their functional significance is obscure; thus, ganglion blockade which was readily demonstrated in the rabbit (Biscoe and Millar, 1966a) was associated with similar responses both in preganglionic and postganglionic sympathetic neurones Biscoe, 1965, 1966) .
It is particularly difficult to make definitive conclusions about the ability of efferent sympathetic activity to influence arterial pressure during halothane anaesthesia. It has been apparent from this study in cats and from the previous work on rabbits involving direct recordings of sympathetic activity that when the discharge level is increased in response to hypotension there has been little or no subsequent rise in arteriai pressure. Also, in the dog breathing 2 per cent halothane, electrical stimulation of the cardiac nerve failed to restore myocardial contractility to normal . The present conclusion is, therefore, that in all species so far studied arterial hypotension can occur regardless of increases in sympathetic activity. This places an overriding importance on cardiovascular end-organ depression by halothane, at least at relatively high inspired concentrations (above 2 per cent).
